1. Neonatologists need to recognize the appropriate surveillance strategies for acute kidney injury (AKI) and the impact of fluid balance on neonatal outcomes of AKI.
INTRODUCTION
Little is known about neonatal kidney function and injury, especially in preterm infants. This includes the paucity of data on how in utero and postpartum exposures affect renal function later in life. This review focuses on the current state of knowledge of neonatal acute kidney injury (nAKI), including how renal AUTHOR DISCLOSURE Drs Charlton and Guillet have disclosed no financial relationships relevant to this article. Dr Charlton has disclosed that she is the co-owner of Sindri Technologies LLC. This commentary does contain a discussion of an unapproved/investigative use of a commercial produce/device. development may be affected by prematurity and AKI, the diagnosis of and surveillance for nAKI, the risk of long-term chronic kidney disease (CKD) after nAKI, and emerging data from a multicenter retrospective study of nAKI. (1)(2) The goal of this article is for readers to gain a better appreciation of the issues, knowledge gaps, and opportunities for the future in the field of nAKI.
ABBREVIATIONS
There are few other places in the era of modern medicine that have gone through such an evolution as has occurred in the NICU. Therapies such as continuous positive airway pressure (CPAP), surfactant, maternal corticosteroids, extracorporeal membrane oxygenation (ECMO), and cooling protocols have existed for only 30 to 40 years; some therapies have been standard of care for an even shorter period. It is clear that today, neonates admitted to the NICU who in another era would not have been resuscitated or who would have died within a matter of hours are now surviving to adulthood. Of nearly 4,000,000 live births in 2015 in the United States, 9.6% were born at less than 37 weeks' gestation: 0.7% were 27 weeks' gestation or less and 2.1% were 28 to 33 weeks' gestation. (3) Thus, the population graduating from the NICU is not small. Amazingly, most infants born weighing between 500 and 1,500 g survive to discharge (90%), and 60% leave with no major neonatal morbidity. (4) However, the long-term consequences of a critically ill beginning are far less clear. (5) There is emerging evidence from the basic science and clinical arenas to suggest that both prematurity and the required lifesaving therapies may have serious long-term consequences for kidney health.
Although much work has been dedicated to advancing the field of AKI in adults and children, there are still many areas in the field of nAKI that remain unclear or unanswered. This may be due in part to the silos of neonatology and pediatric nephrology. Neonatologists care for the "whole" infant, balancing all organ systems; few neonatologists have expertise in the area of neonatal kidneys. Most neonatologists focus on the infant population only, many of whom have little follow-up with patients after discharge from the NICU or after the newborn period. Pediatric nephrologists focus only on renal physiology and are more familiar with issues in older pediatric patients.
We identified similarities and differences in these knowledge gaps in a survey taken by neonatologists and nephrologists that was published in 2017. (3) Herein we present cases that are similar to the published ones highlighting the unique features of nAKI and summarizing the current state of knowledge in this field. Rectifying these information gaps will take dedicated collaborations between neonatologists and pediatric nephrologists.
CLINICAL SCENARIO: BABY A
Baby A was born to a 28-year-old woman with preterm rupture of membranes who received betamethasone for fetal pulmonary maturation and 3 doses of indomethacin for tocolysis. The female infant was delivered at 25 2/7 weeks' gestation, weighing 650 g. She was intubated at birth, received surfactant, and was extubated on day 2 of age. She received 2 days of ampicillin and gentamicin during a sepsis evaluation. Gentamicin levels were not obtained and serum creatinine level was not included in the routine electrolyte panels. Later in the first week after birth, a clinically significant patent ductus arteriosus (PDA) was diagnosed and treated with indomethacin. The serum creatinine level was 0.8 mg/dL (70.7 mmol/L) before starting indomethacin therapy and peaked at 1.2 mg/dL (106.1 mmol/L) after the third dose. Concomitantly, the urine output decreased during treatment but remained greater than 1.0 mL/kg per hour. Following the course of indomethacin, the serum creatinine level decreased to 0.4 mg/dL (35.4 mmol/L).
The scenario described in Baby A is very common, one that all neonatologists encounter, and unlikely to involve a nephrologist. This is an extremely low birthweight infant exposed both in utero and after birth to at least 2 drugs that may be nephrotoxic. A PDA can result in decreased renal blood flow (as well as decreased splanchnic blood flow) and can sometimes be treated if there are signs that it is "clinically significant."
There are at least 2 potentially significant risk factors for impaired renal function highlighted in this scenario: extreme prematurity and the presence of a PDA treated with a nephrotoxic drug. In addition, we need to distinguish between impaired renal function and acute injury in this population.
Whether a consequence of treatment (ie, indomethacin) or due to the indication for the therapy (ie, PDA), the question remains, "Did this baby have AKI?" In this case, is the rise in creatinine level a sign of AKI or is it just an indication that the indomethacin is acting as predicted, causing vasoconstriction that is not restricted to just the ductus? If solely vasoconstriction related, does that impact the developing kidney, causing damage, or is it just a change in the renal hemodynamics? Given incomplete nephrogenesis, is the change in creatinine level a surrogate for low nephron numbers? waste products. Both adult and pediatric nephrologists are attuned to the impact of AKI because it is clearly associated with poor outcomes. In adults, AKI is independently associated with increased risk of death, length of hospitalizations, and cost. (6) In children, the situation is similar: AKI is independently associated with increased risk of death, ventilator days, and length of stay. (7) However, there are limited data in neonates. There is currently no standard of care for renal function surveillance in neonates. Renal function, measured by serum creatinine level, often is a part of an electrolyte panel for neonates and is not likely to be assessed independently of an electrolyte panel.
There have been many definitions for AKI in the adult, pediatric, and neonatal literature. Arbitrary cutoff levels of serum creatinine greater than 1.5 mg/dL (>132.6 mmol/L) or greater than 2.0 mg/dL (>176.8 mmol/L) (8) have been used in neonates, in addition to gestational age cutoff points (9) and rate of decline in term neonates. (10) However, the most often used categorical definition for nAKI that has been independently associated with mortality and length of stay is the modified neonatal Kidney Disease: Improving Global Outcomes (KDIGO) definition. (11) This definition accounts for a change in serum creatinine level from a previous base, includes urine output criteria, and has 3 stages accounting for AKI severity (Table 1) .
Serum creatinine level is imperfect as a surrogate for renal function. It is a late functional marker that takes 24 to 48 hours to change after injury. Serum creatinine level is particularly problematic for very small neonates with low muscle mass and provides no specificity for the type of injury. Depending on the type of assay used, there can be interfering substances. Specifically in neonates, the creatinine level detected at the time of birth reflects maternal renal function and can be elevated in the neonate in the setting of maternal renal disease or placental dysfunction. The modified neonatal KDIGO definition does not address the situation in which the serum creatinine level does not decrease and neonates may be misclassified. Often in immature neonates, urine output can be maintained despite significant injury. There are clearly many limitations to the neonatal AKI definition; however, at a 2013 National Institutes of Health (NIH) workshop, experts in the field agreed that despite its limitations, the KDIGO definition for nAKI was the most appropriate definition. (12) Using the categorical definitions, the rates of nAKI range from 16% to 71%. (13) The incidence of AKI in preterm infants ranges from 18% to 40% and is independently associated with mortality and length of stay. (14) 
Renal Development
The neonate in scenario A was born extremely preterm, a factor that may exacerbate potentially nephrotoxic episodes because kidney development was incomplete. The development of nephrons in humans begins at approximately 9 weeks' gestation (24) (25) and is complete at approximately 36 weeks' gestation. (26) A full-term neonate has the final nephron endowment at birth. The kidney continues a maturational process for nearly 2 years, at which time adult glomerular filtration rate (GFR) is established. Important in the setting of prematurity, the third trimester is a very active (29) It is commonly taught that a human has approximately 1,000,000 nephrons per kidney. Although this is a fundamentally true statement, it is based on relatively few published studies, with averages that range from 617,000 to 1.4 million. (30)(31)(32) It is also important to understand that nephron number is highly variable among humans (210,000 to 2,700,000). (31) Many factors can affect an individual's nephron number, including sex, race, comorbid conditions, and even birthweight ( Table 2 ). In 2006, Australian investigators examined the association of birthweight and nephron number and found that a 1-kg increase in birthweight conferred nearly 200,000 additional nephrons. (56) However, nephron number can currently be assessed postmortem only because stereologic techniques are used to estimate glomerular number. (57) A kidney biopsy alone is insufficient to determine nephron number.
Postnatal Nephrogenesis
Little is known about postnatal nephrogenesis after preterm birth. Two descriptive histologic autopsy studies have shown that glomerulogenesis does seem to continue after preterm birth, but the window of nephrogenesis may be shortened and abnormal. An autopsy study of a cohort of gestational age-matched preterm neonates from Australia showed acceleration of the maturation of the kidney and a smaller nephrogenic zone. (58) The investigators described structurally abnormal-appearing glomeruli in their cohort. A second study by investigators at the University of Miami demonstrated ongoing glomerulogenesis for 40 days after birth in infants born weighing less than 1,000 g, but their kidneys had fewer layers of glomeruli than their full-term counterparts. (8) This study also took into account the role of AKI, and infants who had a sustained serum creatinine level greater than 2.0 mg/dL (>176.8 mmol/L) had fewer layers of glomeruli than those without AKI. If nAKI independently leads to fewer glomeruli, then it is not surprising that the preterm population is at risk for CKD.
Commonly Used Nephrotoxic Medications
As described in scenario A, nonsteroidal anti-inflammatory drugs are another lifesaving and commonly used class of 
CLINICAL SCENARIO: BABY B
Baby B was born at 30 weeks' gestation after a pregnancy complicated by maternal pregnancy-induced hypertension (HTN) and severe intrauterine growth restriction. The pregnant woman was treated with betamethasone and magnesium sulfate in anticipation of an early delivery. The male infant weighed 890 g at birth and was assigned Apgar scores of 7 and 8 at 1 and 5 minutes, respectively. He was started on nasal CPAP but required transient intubation for surfactant at 6 hours of age. On day 7, his serum creatinine level was 0.3 mg/dL (26.5 mmol/L). Although the baby did well initially, at 14 days of age he began to have significant apnea and bradycardia requiring intubation. At the time of intubation, he had a mixed respiratory and metabolic acidosis. His creatinine level was 0.6 mg/dL (53.0 mmol/L), and his urine output had decreased to less than 0.5 mL/kg per hour. A sepsis evaluation was performed, and gentamicin and ampicillin were administered. Because the baby was hypotensive, he received a normal saline bolus and was started on dopamine therapy. The next day his creatinine level was 0.75 mg/dL (66.3 mmol/L). Within 24 hours, the blood culture was reported positive for Staphylococcus epidermidis resistant to ampicillin, so this was stopped and vancomycin alone was administered for 10 days. The baby's creatinine level decreased to 0.6 mg/dL (53.0 mmol/L) at the completion of the course of vancomycin and 0.3 mg/dL (26.5 mmol/L) at discharge.
Sepsis is a common concern in the NICU population. Although most patients receive brief courses of nephrotoxic drugs, predominantly aminoglycosides and vancomycin, during sepsis evaluations, true septicemia occurs and warrants a prolonged course of treatment.
In scenarios A and B, it is not clear whether the condition (PDA or sepsis) or its treatment (prostaglandin inhibitor or antibiotics) is the more important risk factor for renal injury or whether the 2 are additive or synergistic.
Intrauterine growth restriction affects a significant proportion of patients in the NICU. The etiologies of impaired growth are numerous, including maternal and fetal factors. How these factors affect kidney development and ultimate function remains to be fully elucidated.
NICU Exposures that Influence Renal Development
Patient susceptibility factors and kidney stressors influence the risk of AKI. Patient susceptibility factors have been identified in adult studies, but many apply to neonates, including diabetes in the form of maternal exposure, congenital anomalies of the kidney, malnutrition, and birthweight. Nevertheless, even the least susceptible patients can have kidney injury if the stress is significant. Common kidney stressors in the NICU include volume depletion, sepsis, shock, hypoxemia, nephrotoxic medications (61) (including vancomycin, aminoglycosides, nonsteroidal anti-inflammatory drugs, iodinated contrast), and invasive mechanical ventilation. Animal and human data demonstrate how many exposures in the NICU may affect renal development. It is critical to identify these factors to improve short-and long-term outcomes, to preserve as much as possible of the very short window of nephrogenesis. As described in scenario B, aminoglycosides are commonly used in the NICU because they are excellent antimicrobial agents to treat neonatal sepsis despite their nephrotoxic potential. In a single-center study, nearly 86% of the VLBW neonates received an aminoglycoside, with an average of 10 days of use and an average cumulative dose of 32 mg/kg. (59) These drugs accumulate in the cortex and can be toxic because of this accumulation despite therapeutic systemic levels. It is proposed that some of the infants with the lowest gestational age might be "protected" from aminoglycosides owing to their immature endocytic transport system in the proximal tubule, but further work needs to be done to confirm this hypothesis. Animal data would suggest that the aminoglycoside effect on the kidney may be present despite an immature transport system. In a rodent study in which gentamicin was given daily to pregnant rats beginning midway through the gestation, the offspring had few glomeruli at birth and developed glomerulosclerosis during adulthood; it is unclear whether the glomerulosclerosis is a direct impact of the low nephron number at birth or a long-term consequence of the drug. (45)(62) However, not all unique exposures in the NICU may increase the risk of nAKI. Recently published data suggest that early treatment with caffeine may be protective and e326 NeoReviews by guest on June 1, 2018 http://neoreviews.aappublications.org/ Downloaded from prevent or ameliorate nAKI in the preterm population. (63) In this single-center retrospective observational study, infants born before 32 weeks' gestation who received caffeine had a significantly lower rate of early AKI compared with those not receiving caffeine (11.5% vs 31.4%; P < .01). (63) In addition, the caffeine-exposed group experienced significantly less severe nAKI (P < .01). Of note, in comparing the percentage of stage 3 AKI, the no caffeine group had 6 times the rate of stage 3 AKI compared with the caffeine group.
Neonatologists are well aware of the benefits of vitamin A regarding lung development. However, the benefit of vitamin A also extends to the developing kidney. Vitamin A may modulate nephron number via interaction with the RETreceptor. Vitamin A deficiency may downregulate this receptor, resulting in decreased branching of ureteric bud tips. The relationship of plasma retinol levels and nephron number is demonstrated in a French study that showed that plasma retinol levels were highly correlated to lower nephron numbers in rats in a dosedependent manner. (64) Vitamin A deficiency rarely occurs in developed countries but is common in many underdeveloped countries, affecting nearly 20 million pregnant women globally. Intriguing data have been published demonstrating smaller kidney volumes in offspring of pregnant women with vitamin A deficiency, suggesting that vitamin A status may also affect renal development in humans. (65)(66) CLINICAL SCENARIO: BABY C Baby C was born at 41 3/7 weeks' gestation weighing 4,850 g to a 38-year-old woman with uncontrolled gestational diabetes. Shoulder dystocia occurred, and the male infant required extensive resuscitation. He was assigned Apgar scores of 1 at 1 minute and 3 at 5 minutes. The arterial cord gas had a pH of 6.9 and a base deficit of 18. He was resuscitated and underwent therapeutic hypothermia. He required vasopressors to maintain an appropriate blood pressure (BP). Macroscopic hematuria was noted, followed by anuria at 30 hours of age. He remained anuric at 48 hours of age and was approximately 20% over birthweight. The infant's creatinine level steadily rose to a peak of 3.0 mg/dL (265.2 mmol/L) at 48 hours of age, then very slowly decreased such that by discharge at 3 weeks of age it was 1.0 mg/dL (88.4 mmol/L).
This infant is term and experienced an acute perinatal insult resulting in hypoxic-ischemic encephalopathy (HIE). He also clearly experienced AKI as manifested by both anuria and elevation in the serum creatinine level. What is not necessarily as clear is the long-term implication of this kidney injury and whether the long-term implications vary depending on the type of patient population.
AKI and HIE
Multiple organ failure is commonly associated with HIE. Both in the era before therapeutic hypothermia and after adoption of cooling strategies to ameliorate neurodevelopmental impairment after acute perinatal asphyxial events, AKI remains prevalent. This association may be due to a common etiology or AKI may exacerbate organ system injury via inflammatory mechanisms, as suggested by Sarkar et al. (67) Because these investigators were able to predict the presence of magnetic resonance imaging abnormalities from their participants' AKI status, the recognition of nAKI may suggest the need for heightened long-term neurodevelopmental follow-up.
As discussed previously herein, the diagnosis of AKI in neonates presents unique challenges. Gupta et al (10) suggest that in the asphyxiated newborn, the rate of decline in serum creatinine level during the first 5 to 7 days after birth is a feasible means of identifying clinically significant AKI. Neonates whose creatinine levels did not fall required more respiratory support and vasopressor treatment, had an increased average fluid balance, and had a longer length of stay compared with those whose creatinine levels declined within the first week.
Defining CKD
A critically important clinical question is: Will Baby C develop CKD? Most nephrologists would say that this child is at significant risk for the development of CKD. However, in a recent survey, neonatologists were less convinced. (68) Nephrologists agree that there is a relationship between AKI and CKD, but where AKI is on the causal pathway is still debated (Table 3 ). Many nephrologists believe that AKI results in a reduction of nephrons due to the AKI event and that this reduction of nephrons leads to CKD. Others believe that AKI reflects a "lack of reserve" or a lower endowment of nephrons, which eventually would have manifested as CKD later in life. Regardless of the pathway, there is an association between AKI and CKD, and this relationship may be even more important than in adults because neonates have a far longer life to live with the burden of CKD. In the most simple of definitions, CKD is too few nephrons to do the work of the kidney. CKD is independently associated with death and cardiovascular disease. When stratified by stage of CKD, there is a stepwise increased risk of death, cardiovascular event, or hospitalization. (77) CKD is expensive (78) and a burden to the health-care system, patients, and families. There is radiologic evidence of renal agenesis, but this child's renal function is normal. There are a few notable limitations with this construct for CKD for neonates. First, there is a developmental increase in GFR where adult GFR is reached at age 2 years, making the assessment for CKD difficult in neonates, infants, and young children. Second, GFR is a functional metric of the whole kidney and is defined by the GFR of each nephron multiplied by the number of nephrons in the kidney. When nephron number is low, the remaining glomeruli hypertrophy to increase the single-nephron GFR; therefore, surface area to complete filtration is maintained despite an absolute fewer number of nephrons. Third, most estimates of GFR are calculated using serum creatinine. This is particularly problematic in the neonate, infant, and young child because muscle mass is small. Last, creatinine is secreted into the urine, overestimating the true GFR.
In 2009, White and colleagues (79) published a metaanalysis of 31 studies showing that low birthweight conferred a 73% increased risk of developing adulthood CKD. Even more concerning was that this risk was present not only in adults but could also be detected in childhood. In 2014, Hsu and colleagues (80) showed that the odds of developing CKD were nearly 3 times higher in individuals born weighing less than 2,500 g.
Besides GFR changes, renal dysfunction can manifest with higher BP and proteinuria. Investigators at Eastern Virginia Medical School used the NHANES database to analyze the effect of birthweight on long-term renal outcomes in nearly 5,000 adolescents by examining eGFR, BP, and albuminuria. (81) Low-birthweight and VLBW adolescents more frequently had elevated BPs and decreased eGFR; the VLBW group had a 2.5 times greater odds of developing a lower GFR.
Small single-center cohort studies with various renal dysfunction outcome metrics continue to be published and provide insight into the best ways to assess the renal health of the NICU population. A Japanese study showed that 38% of 5-year-olds born VLBW had an eGFR less than 90 mL/min/1.73 m 2 and higher urinary angiotensinogen levels. (82) Similarly, a Polish study looking at approximately 7-year-olds born extremely low birthweight had smaller kidney sizes, higher BPs, and higher serum cystatin C levels. (83) These studies suggest that serum cystatin C may be a better marker to detect early renal dysfunction than serum creatinine to assess renal health in follow-up. Neither of the aforementioned studies accounted for AKI.
During the past year, 2 publications have examined the effect of AKI on long-term renal health in the VLBW population. Bruel et al (84) used a gestational age cutoff criteria for AKI and prospectively matched kids with AKI with those who did not have AKI. They found that the children with AKI had smaller kidneys but no difference in eGFR using creatinine levels. However, 23% of their cohort had an eGFR less than 90 mL/min/1.73 m 2 . In a smaller study published by Harer et al in 2017, (85) the modified KDIGO criteria were used to define AKI. In this study, the VLBW infants exposed to AKI had a 4.5 times higher risk of a composition outcome of elevated BP, proteinuria, or eGFR less than 90 mL/min/1.73 m 2 estimated using cystatin C levels.
There are several groups of full-term neonates in which AKI has been accounted for as a risk factor for the development of CKD. In 2014, a group from the Netherlands described the long-term renal follow-up of children who were exposed to ECMO. (20) Of the 423 participants who were exposed to ECMO from 1992 through 2002, the researchers assessed 169 at the average age of approximately 8 years. Nearly one-third of these children had some evidence of renal dysfunction, including an eGFR less than 90 mL/min/1.73 m 2 , HTN, or proteinuria. Moderate or severe Congenital heart disease Hypoxia, abnormal renal hemodynamics 75, 76
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Nearly 50% of adults with congenital heart disease develop CKD. (75) Investigators at Cincinnati Children's Hospital examined a cohort of neonates who required cardiopulmonary bypass for long-term kidney injury. (76) The researchers used traditional CKD measurements such as eGFR, albuminuria, and HTN but also examined their urine to determine whether there were structural differences in those exposed to AKI. The mean follow-up was 7 years, and there was no difference in the traditional markers of renal disease between the AKI and no AKI groups. However, there were striking and sustained differences in structural urinary biomarkers, with an increased amount of interleukin-18 and L-fatty acid binding protein in the urine of the AKI group.
Kidney disease is a public health epidemic. Because of very high individual and societal costs of treatment, prevention is the most effective approach to sustainably address the mounting global burden of kidney disease. Therefore, it is the aim of all nephrologists to reduce the risk of progression of renal disease, but there are currently no guidelines that describe which neonates require follow-up, when to institute this screening and educational visit, or the best approach to screen for CKD.
Screening for CKD
The KDIGO is a global organization that is developing and implementing evidence-based clinical practice guidelines in kidney disease. The generalized guidelines designed for follow-up in adults advocate for follow-up 3 months after the AKI. (86) Most would agree that follow-up for neonatal AKI should occur, but it is unlikely that the 3-month timeframe is an optimal follow-up period, particularly because GFR is not established until 2 years and it is very difficult to interpret GFR criteria in this young cohort. Primary care physicians may be able to obtain a child's gestational age and birthweight, but a "history of AKI in the neonatal period" is not often included in discharge summaries. (15) AKI must first be recognized and then must be communicated.
To date, the American Academy of Pediatrics does not have any guidelines for screening for CKD aside from a recommendation that children with a history of prematurity, VLBW, or "other" neonatal conditions have their BP measured before 3 years of age. The American Academy of Pediatrics does highlight prematurity as a potential high-risk group for HTN in the 5th Report of the Clinical Practice Guidelines for high BP. (87) Children at higher risk for CKD are those with early HTN because this may be a clinical indicator of low nephron number. There is evidence that preterm infants, irrespective of the presence or absence of nAKI, have abnormal BP parameters early in childhood. In a Swedish national population-based cohort, 44% of children who were born with extremely low birthweight had office systolic BP readings greater than the 90th percentile at age 2.5 years compared with age, sex, and height standards. (88) Ambulatory BP monitoring also reveals that preterm infants may be at risk for abnormal circadian BP patterns. (89) The diagnosis and appropriate management of HTN may be an important target to protect the kidney and slow or halt the potential progression of CKD.
Abnormal growth parameters may also be associated with CKD. Children with CKD can have impaired linear growth even when their GFR is only mildly to moderately impaired. Given the potential for poor linear growth and reduced muscle mass in preterm infants, estimating GFR by serum creatinine level may represent a further challenge for screening for CKD in this population. In addition to earlier screening of growth parameters, adolescents are in another period of rapid growth that may unmask renal dysfunction.
If at any of these screening visits the child has a BP at the 95% level or higher, microalbuminemia or proteinuria, an elevated creatinine or cystatin C level, or abnormal renal ultrasonography findings, he or she should be referred to a pediatric nephrologist. In addition, as the child transitions to adult care, it will be important to alert the new primary care provider of important early life events that may put them at risk for more rapidly deteriorating renal function as they age. In 2013, an algorithm was proposed to address who should be screened for CKD and when (Fig) . Although there is no specific medication or therapy to preserve renal health, there are educational opportunities to reduce the risk of renal dysfunction progression. The avoidance of unhealthy lifestyles may be beneficial along with education on the ill effects of obesity, HTN, smoking, nephrotoxic drugs, urinary tract infections, and a high sodium diet.
CURRENT EFFORTS TO BETTER UNDERSTAND NAKI, INCLUDING DIAGNOSIS, TREATMENT, AND LONG-TERM PROGNOSIS
The NIH organized a workshop in 2013, bringing together nephrologists and neonatologists with leadership from the National Institute of Diabetes and Digestive and Kidney Diseases. In particular, much attention was given to the role of AKI as an antecedent for CKD. Several key elements were outlined that are needed to conduct a long-term follow-up study ( Table 4) .
One of the outcomes of this workshop was the formation of the Neonatal Kidney Collaborative with the specific goal of neonatologists and pediatric nephrologists working together to better understand AKI in neonates. The goal of the collaboration is to improve the understanding and ultimately the lives, health, and well-being of newborns at risk for kidney disease by assembling an international multidisciplinary team that can perform clinically relevant hypothesis-driven studies. Multicenter data could then be used to answer critical gaps in knowledge with the long-term goal of improving outcomes for neonates at risk for kidney disease.
The first endeavor for the Neonatal Kidney Collaborative was the Assessment of Worldwide Acute Kidney Injury Epidemiology in Neonates (AWAKEN) study. This was a retrospective cohort study involving 24 sites. Each participating site was asked to review all NICU admissions from January 1 through March 31, 2014. Patients in the NICU were eligible if they received at least 48 hours of intravenous fluids as their source of fluids and nutrition. Infants were excluded if they were admitted to the NICU more than 2 weeks after birth, required congenital heart disease repair before 7 days of age, died within 48 hours of admission, or had a known lethal chromosomal anomaly. Data collection included basic demographics (maternal and neonatal), delivery interventions, daily physiologic parameters during week 1 (weight, BP, intake and output, respiratory support, clinically obtained laboratory results), weekly "snapshots" (as during week 1, but limited to only 1 day per week), discharge information (growth parameters, final diagnoses, relevant discharge medications, need for renal replacement therapy [dialysis]), and all serum creatinine values.
Initial analyses focused on the epidemiology of nAKI, identification of risk factors that may predispose newborns 
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to AKI, and the contribution of fluid balance to overall morbidity, mortality, and likelihood of AKI. Not surprisingly, the incidence of AKI varied as a function of gestational age.
Neonates of 22 to 29 weeks' gestation comprised only 14% of the neonates (n ¼ 273), but nearly half had AKI. Of the 916 neonates of 30 to 35 weeks' gestation, approximately 18% had AKI, and of the 833 neonates of 36 weeks' gestation and older, approximately 37% had AKI. These incidences are approximate because this was a retrospective study and data collection, especially creatinine levels and complete intake and output data needed to diagnose AKI was not complete for all neonates. However, the data do highlight the significant proportion of infants at risk for AKI. More importantly, the data support the hypothesis that the presence of AKI has a significant effect on morbidity and mortality. After adjustment for a variety of confounders, infants with AKI were 4 times more likely to die, and their length of stay in the NICU was almost 9 days longer. Moreover, the more severe the injury, the higher the mortality rate and the longer the length of stay among the survivors. We hypothesized that identifiable maternal, perinatal, and neonatal characteristics could predict neonatal AKI. Indeed, neonates born at outside facilities, with lower Apgar scores at 5 minutes, and exposed to meconium, sepsis, or surgery all had an increased likelihood of AKI. Conversely, multiple gestation, vasopressor exposure, antimicrobial exposure, and treatment with methylxanthines were all associated with a decreased risk of AKI. Although it seems counterintuitive that antimicrobial exposure was found to be associated with reduced risk for AKI, it can likely be explained because most neonates received short courses of treatment and were not septic. It is likely that this finding is confounded by indication, or in this case, the lack of indication. Treatment with methylxanthine is a fascinating observation and needs further exploration. Of 689 neonates of 32 weeks' gestation and less, 460 received a methylxanthine and 229 did not. The incidence of AKI in these 2 cohorts was 11.5% and 31.4%, respectively. That caffeine may be protective can be justified physiologically, but currently this remains only an association.
The determination of fluid balance in neonates presents several challenges. Although in adult and pediatric populations there is evidence that fluid overload is associated with increased mortality and morbidity, this is very difficult to study in newborns because complete and accurate ascertainment of intake and output is nearly impossible. Therefore, a change in weight compared with birthweight was used as a surrogate for fluid balance. Because both the admission diagnoses and the underlying physiology of term and preterm neonates are quite different, the AWAKEN population was divided into 2 cohorts for these analyses: infants at least 35 weeks' gestation at birth and infants less than 35 weeks' gestation. In the older cohort, there was a clear association between fluid balance and outcome, with infants whose weights increased by more than 10% during the first postnatal week having an increased need for mechanical ventilation at 7 days of age and those with the most negative fluid balance more likely to survive to discharge from the NICU.
One of the major limitations of AWAKEN was that it was a retrospective record review, and the collection of data was according to the local standard of care. Herein lies another of the important issues related to nAKI. The AWAKEN study has begun to identify the highest-risk populations, but the current laboratory studies may not be sensitive enough to detect early kidney injury. Creatinine increases only after considerable injury has already occurred. We need other biomarkers that can identify injury of a lesser degree so that efforts can be made to modify our care and minimize further injury. There are some candidate urinary biomarkers, but more work needs to be done to determine the most sensitive and cost-effective means of detection.
As neonatologists become more aware of the potential implications of AKI in the NICU population, practice guidelines for both early identification and amelioration of injury are needed. Appropriate surveillance paradigms, treatment regimens, and follow-up recommendations should be the goal of collaborations between neonatologists and pediatric nephrologists to improve the long-term outcomes and renal health of vulnerable neonates.
American Board of Pediatrics NeonatalPerinatal Content Specifications
• Know how to interpret various renal function tests (eg, urinalysis, creatinine clearance).
• Know the clinical manifestations, imaging, and laboratory features of renal failure in the neonate. 
